Two{particle angular correlations in jet cones have been measured in e + e annihilation into hadrons at LEP energies ( p s = 91 and 183 GeV) and are compared with QCD predictions using the LPHD hypothesis. Two dierent functions have been tested. While the dierentially normalized correlation function shows substantial deviations from the predictions, a globally normalized correlation function agrees well. The size of eff S (and other QCD parameters) and its running with the relevant angular scale, the validity of LPHD, and problems due to non{perturbative eects are discussed critically.
A description of multihadron production in e + e reactions using QCD is dicult because of the existence of a low energy non-perturbative region. In phenomenological models the parton cascade, which can be handled with the Leading Log Approximations (LLA), is cut o at some scale Q 0 1 GeV and is followed by a hadronisation phase.
These models with well motivated parameters have yielded good results, but there are many of them and only few are directly connected to (perturbative) QCD. It has been suggested to extend instead the parton evolution down to a lower mass scale (if possible to the pion mass scale). Using this concept, the multihadron nal states can be compared directly with the multiparton nal states [1] . The possibility that perturbative QCD also has some applicability in the low energy regime led in the mid-eighties to the concept of Local Parton Hadron Duality (LPHD) [2] .
Our interest is the study of correlations between hadrons produced in e + e annihilation using the relatively new tool of Correlation Integrals [3] . The main theoretical eort for evaluating multiparton correlations in the framework of QCD has been based on the Double Log Approximation (DLA) [1, 4] . Detailed prescriptions for multiparton angular correlations in cones using the DLA have been proposed [5] . It has been pointed out [5] that the aim of such studies is not primarily a further test of perturbative QCD at a fundamental level, but rather to nd out the limiting scale for its application and thereby to learn about the onset of non-perturbative connement forces. The present comparison, however, also has to cope with substantial simplications in the calculations of the perturbative part which are justied only at asymptotic energies, as well as with the question of how far the LPHD hypothesis is valid (see below). Therefore our goal here is simply to present the corresponding experimental data, to discover possible discrepancies, and to show whether some predictions are already fullled at LEP energies.
In section 2 the theoretical background is described, and the denitions and the actual QCD predictions on partonic angular correlations are given. In section 3 the experimental measurements of 2-particle angular correlations are presented and confronted to the analytical calculations using the concept of LPHD. In section 4 the measured values of eff S , the \running" of eff S , the range of validity of the LPHD hypothesis, and problems due to extensions to the non{perturbative region are critically discussed. Section 5 is a summary of the experimental results.
Theoretical background, denitions and predictions
The following short outline follows the procedures used by O c hs and Wosiek [5] . They calculated particle correlations produced in gluon cascades radiated o the initial parton. The matrix element for gluon bremsstrahlung in DLA is as follows:
where c g = 1 and c q = 4 9 , p and k are the 3-momenta of the parent parton and the radiated gluon, pk is the angle of emission of the gluon, pk is the azimuthal angle of the gluon aroundp and 2 0 = 6 S =:
The inclusive n-particle densities n (k 1 ; k 2 ; :::::k n ) ( k i is the 3-momentum of the i-th particle) are obtained by applying the generating functional technique [6] which has been developed for QCD jets rst as explained in references [7, 4] . The calculations have been carried out in DLA where the integrals involved are performed only in phase space regions with dominant contributions given by the singularities of (1). Energy-momentum conservation andproduction were neglected in the calculations, and well developed cascades at very high energies were assumed; angular ordering was taken into account. Theoretical predictions [5] concerning the emission of two partons with a relative angle # 12 -within a cone with half opening angle around the jet axis -have been evaluated using two correlation functions dened as follows [3] :
with the correlation integrals [3] 
) and
) where 1 (k) is the single particle distribution and n() is the mean multiplicity of partons emitted into the -cone. The quantities in eqns. (3) and (4) (1 )) (8) is expected to be independent of the cone opening angle and primary momentum P, meaning that it is a scaling function. 
The scale Q P in these formulae is given by the cone half opening angle which i s the upper limit for the angle of emission of the rst hard gluon in a cascade (eqn. (1)). The degrading of Q along the cascade is taken into account b y the specic dependence of (6) and (10) on and, via eqn. (7), on # 12 , the second angle under consideration. It should be noted that the QCD parameter enters into eqns. (6) and (10) within the factor (ln P ) 0:5 when transforming the directly measurable quantities of (3) and (4). The predictions of [5] and the present study use the lowest order QCD relations between the coupling s and the QCD scale .
When transforming the data to compare with predictions, the values = 0.15 or 0.3 GeV (in section 3) are used. On the other hand, when trying to obtain S or directly from the data, the notation eff S and eff (in section 4) is used. The reason for this is discussed in Section 4. All experimental measurements concern hadronic states. When comparing to the partonic states considered in the analytical calculations, the hypothesis of LPHD has to be used. 3 Comparison with the data
The data sample
The analysis uses about 600,000 selected e + e events collected by DELPHI at p s = 91 GeV in 1994. These statistics are adequate for our study. A sample of about 1200 high energy events at p s = 183 GeV collected in 1997 is used to investigate the energy dependence. The calculated hadron energy was required to be greater than 162 GeV (corresponding to a mean energy of 175 GeV). The standard cuts for hadronic events and track quality w ere applied as used in earlier studies of correlations [8] . The special procedures for selecting the high energy events are described in [9] . Detailed Monte Carlo studies were done using the JETSET 7.4 PS model [10] . Some results of ref. [5] using HERWIG [11] will be also mentioned for comparison.
Corrections were applied using events generated from a JETSET Monte Carlo simulation which had been tuned to reproduce general event c haracteristics [12] . These events were examined at * Generator level where all charged nal{state particles (except electrons and muons) with a lifetime larger than 10 9 seconds have been taken, * Detector level which includes distortions due to particle interactions with the detector material, other detector imperfections such as limited resolution, multi{track separation and detector acceptance, and the event selection procedures. Using these events, the various angular correlation functions of order n, A n , studied below were corrected (\bin by bin") by A cor n = C n A raw n ; C n = A gen n A det n (12) where the superscript \raw" indicates the correlation function calculated directly from the data, and \gen" and \det" denote those obtained from the JETSET Monte Carlo events at generator and detector level respectively. The simulated data at detector level were found to agree excellently with the corrected experimental data, e.g. g.1a (for the denition of variables used in this gure see section 2). The measurement error on the relative angle # 12 between two outgoing particles was determined to be of order 0:5 (in the case of good Vertex Detector hits, even down to 0:1 ).
In addition, all phenomena which w ere not included in the analytical calculations had to be corrected for, (i) initial state radiation, (ii) Dalitz decays of the 0 , ( iii) residual K 0 s and decays near the vertex, and (iv) the eect of Bose{Einstein correlations. These corrections were estimated, \bin by bin" like those in eqn. (2), by switching the eects on and o. They were all small (< 2%). The total correction factor C tot n is the product of all individual correction factors. 
Comparison of the measured correlations with the predictions
The unnormalized correlation function 2 (# 12 ) (in eqn. 3) was measured by counting pairs of particles in the relevant angular regions (dened by bins: # 12 1 2 binwidth) [3] . The axis of the -cone was experimentally determined by the sphericity axis. The denominator of (3), 1 1 (# 12 ), was evaluated using the method of event mixing [13] , where particles are selected randomly from dierent e v ents. It is then calculated in the same way as for real events (see also [14] ). This method reveals all correlations, including those from hard gluon radiations. It is the normalization demanded by the analytical calculations in [5] . The values of # 12 vary from # 12 = d o wn to # 12 1 .
In the following, the predictions introduced in Section 2 are compared with the corrected experimental data: a) r(# 12 ) is expected to rise with ln # 12 or and then level o for small # 12 . In g. 1b, this dependence is investigated for several cone opening angles (60, 45, 30 and 15 degrees). As expected, the slopes become smaller with bigger cone openings. b) The expected scaling properties of the quantity ln(r(# 12 )) p ln P = (eqn. (6)) are tested in gs. 2a and b. The dependence on the cone opening angle is shown in g. 2a. It can be seen that for 15 60 the dependence on is very weak already at p s = 9 1 GeV , in agreement with the predictions of eqn. (6) . This scaling with respect to the variable is especially good for broader cones; for smaller values of , uncertainties in the determination of the jet axis are expected to cause deviations. The shape predicted by eqn. (6) is shown as the dashed line in g. 2a diering appreciably from the measurement. There is a \hook" in the data at small , the shape of the data is only similar to that predicted in the sense that it is rising and levelling o; the data are much smaller and atter. Thus at LEP energies the analytic QCD calculations do not describe quantitatively the 2-particle angular correlations r(# 12 There is also good agreement with the coresponding JETSET simulations on both the partonic and hadronic level, which supports parton hadron duality 2 . In g. 3b it is shown that Y() is independent of , it is therefore also scaling in the cone opening angle as predicted. Apart from the region of small (large # 12 ) the overall agreement of data and prediction (dashed line) is good, especially when choosing = 0:3 GeV in g. 3b. Note that no arbitrary normalization has been applied in g. 3. Tables 1 and 2 give the numerical values of r(# 12 ) andr(# 12 ), restricting to each second bin.
Discussion
So far only qualitative statements have been made when comparing experimental data with the analytical calculations. Considering that the theoretical predictions contain important parameters of the strong sector of the standard model ( S ; ; n f ) one may try to discuss several items by estimating numerical values for these parameters from the data. Here some aspects of the 2-particle angular correlation measurements are discussed in a framework for future phenomenological advances. * Can S be measured using QCD predictions on angular correlations?
In principle this should be possible, since the theoretical descriptions of angular correlations [5] do not contain arbitrary parameters (as in fragmentation models). However, it has to be assumed that LPHD is valid. It has to be remembered that the theoretical descriptions are derived from the double logarithmic approximation and can be regarded only as a rst and simplied approach. Therefore Although no agreement of data and predictions were obtained in g. 2a concerning the overall shape (it was veried that even varying the QCD parameters 0:04 0:8 and 2 n f 5 cannot lead to an overall agreement), one could try to get some information from the slopes alone. Fig. 4a collects the values of eff S obtained by tting the anomalous dimension 0 = q 6 S in equation (5) for r (# 12 ). The t range 5.7 < # 12 < 13 has been chosen from g. 1b by selecting the reasonably linear piece of r (# 12 ) with the steepest increase in the log{log plot. The hook in the data at larger angles, which is thought in [5] to be due to missing energy-momentum conservation in the calculations, prevents any meaningful ts being performed in this region.
* The dependence on the choice of the jet axis A possibly substantial systematic error on eff S might arise from the poor determination of the jet{axis. The sphericity axis deviates, of course, from the \true"{axis which has been adopted in the calculations. This problem has been investigated in a JETSET Monte Carlo study [16] , showing that choosing the sphericity axis instead of the \true"{axis decreased In the theoretical predictions, the value of Q which sets the scale for (hard) gluon emission into the -cone is set to Q P, with P = 45.05 GeV/c. This causes e.g. a {dependence of r(# 12 ). In particular, it is expected that the slopes of r (# 12 ) in g. 1b increase with decreasing . This is indeed the case, as can be seen from the rise of eff S for smaller cone openings (g. 4a). One cannot conclude that the observed \running" of eff S is due to QCD alone. In a Monte Carlo study with JETSET on parton and hadron levels, similar dependences even for xed s are observed. Further investigations with dierent Monte Carlo models and with data at higher energies will be necessary to clarify this question. Fig. 4a also shows that a better agreement with the data can be obtained for small values of and when the value of n f is decreased from 5 to 3 or even lower. It should be noted that in the ideal case the theoretical calculations should decrease n f according to the decreasing number of open avors in the parton evolution (n f = 5 ! n f = 3 ! n f = 2). It is argued [17] that the main contribution comes from n f = 3. Our measurement f a v ours a value signicantly lower than 5.
* The functionr (# 12 ) This special scaling function found by O c hs and Wosiek [5] seems to be less sensitive to shortcomings of the DLA. The data show scaling in both in energy (g. 3a) and in (g 3b). The \transformation" of the experimental measurement to the expression in eqn. (10) requires a specic value of . Fig. 4b shows that the measured function Y () is remarkably sensitive to the value of chosen. The data "prefer" a value of eff 0.3 GeV in order to be in good agreement with the prediction [5] (dashed line).
* MLLA (Modied LLA)
In the ideal case the values of eff (or eff s ) should be the same when obtained from r(# 12 ) (g. 4a) or fromr(# 12 ) (g. 4b). But whereas low v alues for eff s (or eff ) are obtained in g. 4a, it is demonstrated in g. 4b that here the data prefer a eff 0:3 GeV. It has to be noted that DLA takes only the leading singularities in both cases which could lead to dierent redenitions of eff . In an improved calculation (e.g. MLLA) the dierence should be diminished. In this context it is interesting to point to the fact that 0 which has been used in eqn. (5) to determine eff s is the DLA anomalous dimension describing the multiplicity growth. Similar to the observation with r(# 12 ), in this latter case the DLA also predicts larger values than measured [16] but the agreement is substantially improved in MLLA [17] . Up to now no MLLA calculations exist for both r(# 12 ) andr(# 12 ).
* LPHD
The predictions of the correlations are only at the parton level. To make a meaningful comparison with the measured hadronic correlations, the inuence of hadronisation has to be considered. This was studied in the context of the HERWIG model by O c hs and Wosiek [5] for r (# 12 ) , and LPHD was shown to hold in the region of not too small angles # 12 ( > 3 ). This means that no pronounced dierence exists between the partonic level when the parton cascade is continued down to Q 0 a few 100 MeV and the hadronic level where, starting from Q 0 1 GeV and adding hadronisation, the last step involves decays via known resonances. This similarity suggests that in the HERWIG model, the cascade decay of resonances might be similar to the last steps of the implemented \QCD" cascade, extended to the non-perturbative regime and that resonance decay does not destroy the correlation pattern at moderate angles. Buschbeck et al [16] have shown that in the JETSET model with = 0:15 GeV, on the other hand, the angular correlations on the partonic and hadronic levels deviate if Q 0 is as low a s 2 m . In reference [16] a Monte Carlo study demonstrates that r (# 12 ) on the partonic level resembles that on hadronic level for # 12 5 ( 0:42) if the cuto Q 0 was chosen to be 0.6 GeV. For small angles < 5 , LPHD was not valid and resonance decays strongly inuenced the correlation functions. The dierence between HERWIG and JETSET concerning the validity of LPHD in the case of r(# 12 ) is presumably due to the dierent assumptions about the evolution of the parton cascades and the dierent hadronisation schemes 3 . In the angular region which has been selected in the present study to determine eff S via linear ts to r (# 12 ), both models show only small disturbances due to resonance decay. LPHD is reasonably fullled for Y () in both JETSET (shown in this study) and HERWIG (shown in ref. [5] ).
5 Summary and outlook Two-particle angular correlations have been measured using data collected by the DELPHI detector (e + e annihilations into hadrons at p s = 91 GeV and some low statistics data at 183 GeV) and have been compared with analytical predictions [5] for the corresponding parton correlations using the DLA of QCD and the concept of LPHD. Some of the predictions are fullled while others fail, namely:
The {scaling property implies that the correlation functions r(# 12 ) andr(# 12 ) are (after some transformation) functions of the scaling variable only, but not of the cone opening angle nor of the jet momentum P. The correlation in the relative angle r(# 12 ) fullls this scaling for the opening angle rather well, but using data from p s = 9 1 t o 183 GeV the scaling with jet momentum P is satised only in the small region. There are substantial deviations of the measured r(# 12 ) from the predicted shape. On the other hand, the measured correlation functionr(# 12 ), using a dierent normalization, is already rather close to the asymptotic predictions at LEP energies and exhibits scaling in and P.
While the theoretical calculations use only rst order relations and many approximations, the values of S and obtained by tting the data can be considered only as eective parameters, eff S and eff . There is better agreement when the eective n umber n f of avors participating in the parton cascade is decreased well below 5 . Generally, the largest deviations between data and theory occur at large angles # 12 . This indicates that including energy{momentum conservation (in particular the recoil eects) in the analytical calculations is necessary.
The question of validity of LPHD remains open in case of r(# 12 ), since previous studies using dierent models (JETSET, HERWIG) gave dierent answers. It could be shown in this study, h o w ever, that in case ofr(# 12 ) LPHD is reasonably satised using JETSET, which is in agreement with published ndings using HERWIG [5] .
In summary, this rst experimental study of angular correlations has provided support for some of the theoretical predictions. Not only are the data far away from the asymptotic energy, but also various approximations have been used. Therefore the sizeable deviations found in the comparison are not surprising. More checks on more rened predictions are desirable. It is to be hoped that these observations may provide valuable information which can be used to improve further the QCD calculations. 
